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Introduction
In two-dimensional superconductors, superconducting phase fluctuations play
a more important role in relation to physical phenomena than the superconduct-
ing order. The thermal fluctuations are responsible for the Kosterlitz-Thouless
(KT) transition characterized by the creation of a vortex-antivortex pair around
the transition temperature TKT [1, 2]. Near zero temperature, the quantum
fluctuations cause a superconductor-insulator (SI) transition [3–8]. In the su-
perconducting phase, the Cooper pairs are condensed and the vortices localized,
whereas the reverse is true in the insulating phase. Layered perovskite materials
have played a key part in such physics. Here we report two-dimensional super-
conducting phase fluctuations in a Ca2RuO4 nanofilm single crystal. A thin film
of Ca2RuO4 exhibits typical KT transition behaviour around TKT = 30 K. We
also found that the bias current applied to the thin film causes a SI transition
at low temperatures. The film is superconductive for small bias currents and
insulating for large bias currents. The two phases are well separated by the
critical sheet resistance of the thin film 16.5 kΩ. In addition to these findings,
our results suggest the presence of superconducting fluctuations at a high tem-
perature T = 96 K with onset. The fabrication of nanofilms made of layered
material enables us to discuss rich superconducting phenomena in ruthenates.
The electronic states in layered perovskite A2RuO4 have various phases depending on
metallic elements A [9]. The ruthenate Sr2RuO4 is a superconductor below the transi-
tion temperature Tc = 1.5 K [10]. The substitution of Sr by Ca chemically pressurises the
perovskite and causes the lattice distortion of RuO6 octahedra, which strongly modifies elec-
tronic structures. As a consequence, a ruthenate with A =Ca2−xSrx becomes a paramagnetic
metal or a ferromagnetic metal depending on the doping rate x [11–13]. At x = 0, the large
degree of lattice distortion causes Ca2RuO4 to be a Mott insulator with an antiferromag-
netic correlation. Experimental control of the distortions in Ca2RuO4 drives the transition
from an insulator to a metal by applying hydrostatic and uniaxial pressure [14–17] and by
applying electric fields [18] and bias current [19]. Such physical pressures are considered to
release the distortion of octahedra. Interestingly, an ac susceptibility measurement in bulk
Ca2RuO4 in the 9 ∼ 14 GPa range [20] showed a transition to the superconducting phase
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below 0.4 K. Pressurization plays a key role in modifying the electric states in the ruthenate
family. A third way of controlling the lattice distortion might be to tune the dimension-
ality of Ca2RuO4 crystal. Recent studies have reported the effects of negative pressure
on lattice distortion when the thickness of the exfoliated films decreases to the nanometer
range [21, 22]. We have already reported the novel transport properties of Sr2RuO4 nanofilm
single crystals [23–25]. In this paper, we describe superconducting phenomena in a thin film
of Ca2RuO4.
Results and Discussion
Figure 1a shows the dependence of the sheet resistance R✷/layer = ρ/d of sample 1 on
temperature for different bias currents I, where the thickness of sample 1 along the c axis
is 30 nm, the interlayer distance of Ca2RuO4 d = 6.13 A˚ , and ρ = 2.7 × 10
−3 Ω·cm is the
resistivity at 290 K. See Fig. S1 in Supplementary Information for details. Correspondingly,
R✷/layer is the resistance per square per RuO2. The resistivity of sample 1 is much smaller
than that in the ab-plane ρab ∼ 6 Ω·cm in bulk Ca2RuO4 and is more like the resistivity
under hydrostatic pressure above 0.5 GPa [14]. The dependence of R✷/layer on temperature is
qualitatively different from the thermal activation type exponential temperature dependence
in bulk Ca2RuO4. At a low bias current of I = 10 nA, the resistivity decreases to zero within
the accuracy of our measurement. Although the onset temperature is rather high at 96 K,
this transition-like behaviour occurs within a wide temperature range of 60 K. Such a broad
transition-like behaviour implies the presence of spatially inhomogeneous superconducting
domains and fluctuations in the superconducting phase among the domains. A similar effect
has been reported in YBa2Cu3O7−δ films [26].
To understand the nature of the superconducting fluctuations in Fig. 1a, we analyse the
broad transition based on the theory proposed by Kosterlitz, Thouless and Berezinskii [1, 2].
Above TKT, the resistance due to the free motion of vortices and antivortices is expressed as
R ∝ RNexp
[
−2
(
b Tc0−T
T−TKT
)1/2]
, where b is a constant of the order of unity and Tc0 is fixed at
96 K. In contrast, below TKT a vortex and an antivortex form a pair [27]. The fitting param-
eter TKT is 30, 15 and 7 K for I = 10, 100 and 300 nA, respectively. The fitting results are
shown in Fig. 1b. The theoretical expression of the resistance fits nicely with our experimen-
tal data. Another important feature of the KT transition is the presence of a universal jump
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in the current-voltage (I−V ) characteristics V ∼ Iα. The exponent α jumps abruptly from
1 to 3 with decreasing temperature, and this has been reported in various two-dimensional
superconducting systems such as a Hg-Xe alloy [28], a Bi2Sr2CaCu2O8 [29], an ultrathin
YBa2Cu3O7−δ film [26], and a superconducting wire network [30]. The d log(V )/d log(I)
plot in Fig. 1c shows that α jumps from 1 to more than 3 at a low temperature. TKT is
estimated to be 23 K, which is consistent with TKT determined from the resistance data at
I = 10 nA in Fig. 1a. We have also confirmed the KT transition in a different Ca2RuO4
thin film indicated as sample 2. The thickness of sample 2 was estimated to be 10 nm. See
Fig. S2 in Supplementary Information for details of the measurement. On the basis of the
above analysis, we conclude that a Ca2RuO4 thin film shows a broad KT transition. One
surprising finding is the high onset temperature Tc0 = 96 K at which the superconducting
domains emerge locally.
The effects of the quantum fluctuations in two dimensions would be more dominant in
a thinner Ca2RuO4 film as indicated by sample 2 whose thickness is 10 nm. In Fig. 2a,
we plot the sheet resistance of sample 2 as a function of temperature for different bias
currents I. For I < Ic = 100 nA, the resistivity decreases with decreases in temperature,
while the resistivity increases with decreases in temperature for I > Ic. Generally speaking,
a typical critical current density value for a thin film superconductor is jc ≈ 10
4 A/cm2.
At Ic = 100 nA in Fig. 2a, the current density estimated as j ≈ 8.3 × 10
2 A/cm2 is
much smaller than jc. Therefore, vortex motion is responsible for the transition to the
insulating phase in Fig. 2. The results show the superconductor-insulator (SI) transition
caused by quantum fluctuations at low temperatures. Near the SI transition point, the
sheet resistance should obey R✷(I, T ) =
h
4e2
f
[
c0(I−Ic)
T 1/zν
]
, where c0 is a constant making the
argument dimensionless. The dynamical and static critical exponents are denoted by z and
ν, respectively [5]. Figure 2b shows the scaling behaviour of the sheet resistance, where we
use Ic =100 nA and zν = 1.5. The results show that all of the resistance data below 20 K
fall on a universal curve. The critical exponent zν = 1.5 suggests that the SI transition is
explained by a Bose glass in two dimensions [5]. Previous papers have reported quantitatively
similar values of the critical exponent in InOx [4], Nd2−xCexCuO4 [6], and La2−xSrxCuO4
films [8]. The critical value of the sheet resistance is very close to the universal resistance
8
pi
h
4e2
predicted by the superconductor to Mott-insulator transition [33].
Next we focus on the superconductive property at low temperature. Figure 2c shows
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the I − V characteristics of sample 2 for several selected temperatures. The results at 10 K
clearly exhibit the non-linear I−V characteristics. The inset is an enlargement of the results
around a zero bias current, where 1, 2, 3 and 4 represent the order in which we sweep the
bias current. The inset clearly shows supercurrents for |I| < 12 nA, which strongly suggests
the intrinsic superconductivity in a Ca2RuO4 nanofilm. The hysteresis in Fig. 2c also reveals
a superconducting phase property because the hysteresis is a characteristic feature of small
Josephson junctions [31] and Josephson junction arrays [32]. These results suggest that a
number of superconducting domains emerge locally below Tc0 and that such domains interact
with one another through the Josephson coupling.
In a Ca2RuO4 nanofilm, we observe large superconducting phase fluctuations as shown
in the KT transition in Fig. 1 and the SI transition in Fig. 2. In addition, the bias current
drives the transitions. Below, we explain the reasons for this characteristic behaviour. As
shown in Figs. 1 and 2, the electronic properties in a Ca2RuO4 thin film are qualitatively
different from those in a Mott insulator Ca2RuO4. Previous studies have partially explained
the reasons for the difference. Octahedra consisting of RuO6 in bulk Ca2RuO4 have three
types of distortion (flattening, tilting, and rotating) [14–17]. The application of physical or
chemical pressure releases the distortion, which leads to a transition from the Mott insulating
phase to the ferromagnetic metallic phase [14–17]. In fact the antiferromagnetic insulating
phase coexists with the metallic phase under a hydrostatic pressure of 0.5 − 2 GPa. The
hydrostatic and uniaxial pressure is considered to elongate the octahedra along the c axis,
which supplies the RuO2 plane with carriers. As a consequence, the resistivity of the bulk
Ca2RuO4 in the coexisting phase decreases rapidly with decreases in temperature below
Tc′ = 25 K [14–17]. The onset transition temperature (Tc0 in a nanofilm and Tc′ in a bulk
sample under the pressure) characterizes the energy scale of superconductive states. The
resistivity at the onset temperature may reflect the normal electronic property in ruthenates.
Therefore, we first demonstrate the relationship between them. In Fig. 3a, we plot Tc0 in our
sample as a function of δ = [R(Tc0)/R(280K)]
−1 with black squares, where δ is a parameter
representing the electronic property in the normal state. In addition to our data, we also
plot the Tc′ in bulk Ca2RuO4 as a function of δ
′ = [R(Tc′)/R(280K)]
−1. The blue and red
symbols represent data at hydrostatic pressures of 1.5 and 2.0 GPa in Ref. [16] and those
at pressures of 0.5 and 0.6 GPa in Ref. [17], respectively. The results in Fig. 3a show the
simple relationship between Tc0 and δ (Tc′ and δ
′). Namely more metallic samples show a
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higher onset temperature. In bulk Ca2RuO4 under low pressures, the insulating phase is
much more dominant than the coexisting metallic phase, which explains the small δ′ values.
In a thin film, on the other hand, the metallic states are more dominant than the coexisting
insulating states, which enhances δ. The correlation between Tc0 and δ in Fig. 3a implies
that the electronic states in bulk samples and in nanofilms are characterized quantitatively
by the metallic state to insulating state ratio. Second, we briefly discuss why the thin films
are metallic rather than insulating. When the thickness of a layered thin film decreases to
the nanometer range [21, 22, 25], the effects of negative pressure can release the distortion of
the octahedra. The results of our first-principle calculation in Fig. 3b partially supports this
argument. The figure summarizes the relationship between the number of RuO2 layers along
the c axis and the tilting angle of the octahedra from the c axis. The tilting angle decreases
as the number of layers decreases. The calculation also suggests that there is a uniform
ferromagnetic metal phase in a Ca2RuO4 monolayer in the absence of flattening distortion.
These conclusions are completely consistent with the transition to the superconducting phase
at Tc = 0.4 K in bulk Ca2RuO4 under high pressures of more than 9 GPa [20]. Therefore,
the suppression of the lattice distortion under a negative pressure is responsible for the
metallic-like transport properties in a nanofilm single crystal. Third, we discuss why the
resistance below Tc0 depends on the bias current as shown in Figs. 1 and 2. On the basis of
the experimental results, the electronic states below Tc0 may be spatially inhomogeneous.
Superconducting domains are coupled to one another through the insulating region. This
physical picture explains the broad transition in Fig. 1 and non-linear I − V characteristics
below Tc0.
As shown in Fig. 3c, a precursor superconducting phenomenon is observed in our trans-
port measurement at a rather high temperature T ∗ = 215 K. According to arguments related
to the pseudogap in cuprate superconductors, T ∗ may indicate a temperature for preforming
Cooper pairs. Unfortunately, we currently have no information about the pairing symmetry
in Ca2RuO4 nanofilms. We guess that there is a possibility of spin-triplet Cooper pairing
because the superconducting correlation develops in the presence of a ferromagnetic corre-
lation in bulk Ca2RuO4. To address these fundamental issues, further experimental studies
such as STM/STS and NMR must be undertaken.
In conclusion, we have demonstrated superconducting phenomena in a Ca2RuO4thin film
at temperatures below 96 K. Our transport experiments show the KT and SI transitions,
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which are phenomena unique to two-dimensional superconductors. The normal states in a
Ca2RuO4 thin film is more metallic than those in bulk Ca2RuO4 because the RuO6 octahedra
are less distorted due to the negative pressure. The nonlinear current-voltage characteristics
imply the possibility of high temperature superconductivity in a ruthenate.
Methods
To obtain nanoscale Ca2RuO4 single crystals, we synthesized Ca2RuO4 crystals with a
solid phase reaction. We prepared CaCO3 (99.99%, Kojundo Chem.) and RuO2 (99.9%, Ko-
jundo Chem.) powders. The mixed powder was heated at 1070 ◦C for 60 hours. The mixture
was then cooled gradually to room temperature. We repeated the heating and cooling pro-
cess several times. The Ca2RuO4 crystal structure was analysed by using X-ray diffraction
(Rigaku Miniflex600) with Cu Kα radiation. The samples were dispersed in dichloroethane
by sonication and deposited on a SiO2(300 nm)/Si substrate. We were able to distinguish
Ca2RuO4 and CaRuO3 by observing the crystal shape using a scanning electron microscope.
We note that temperature dependence of the resistivity shows metallic behaviour in CaRuO3
and Ca3Ru2O7. We then fabricated gold electrodes using standard electron beam lithogra-
phy methods. Scanning electron micrographs of the Ca2RuO4 nanofilms (samples 1 and 2)
are shown in Fig. 1(a) and Fig. 2(a), respectively. The sample thickness was determined
from scanning electron micrographs obtained with a 70-degree sample holder tilt.
We performed the electric transport measurements with the four-terminal method using
a homemade 3He refrigerator. All leads were equipped with RC filters (R = 1 kΩ and
C = 22 nF). In the DC measurements, a bias current was supplied by a DC current source
(6220, Keithley) and the voltage was measured with a nanovoltmeter (2182, Keithley).
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Figure 1: Kosterlitz-Thouless transition in a Ca2RuO4 nanofilm. a, Temperature
dependence of the sheet resistance R✷/layer for various applied currents in sample 1 with a thickness
of 30 nm. R✷/layer is resistance per square per RuO2 layer. The inset shows a scanning electron
micrographic image of the side view of sample 1. b, The measured resistance R as a function of
[(Tc0 − T )/(T − TKT)]
1/2 at I =10, 100 and 300 nA. c, I−V characteristics at various temperatures.
The dotted lines represent V ∼ I3 and V ∼ I dependence, respectively. The inset shows the
temperature dependence of the exponent α extracted from power-law fitting V ∼ Iα.
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Figure 2: Superconductor-insulator transition driven by applied bias current. a,
Temperature dependence of the sheet resistance R✷/layer for sample 2 with a thickness of 10 nm.
b, Scaling dependence of R✷/layer as a function of the scaling variable
[
c0(I − Ic)/T
1/zν
]
in the 4.2
to 20 K range where the values Ic = 100 nA and zν = 1.5 are used. The critical sheet resistance
Rc was 16.5 kΩ ∼
8
pi
h
4e2
. c, Non-linear I − V characteristics for sample 2 at various temperatures.
The inset shows the hysteresis behaviour at 10 K in the low bias current region. Numbered arrows
represent the bias current sweep direction. The supercurrent for |I| < 12 nA was observed.
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Figure 3: Relationship between the ground state of Ca2RuO4 and the degree of
distortion of RuO6 octahedra. a, The onset Tc0 as a function of δ = (R(Tc0)/R(280K))
−1.
The black squares represent our experimental results. We also plot the transition temperature
Tc′ versus δ
′ = (R(Tc′)/R(280K))
−1 using the results reported for hydrostatic pressure [16] and
uniaxial pressure experiments [17] for bulk Ca2RuO4, which are represented by the blue squares
and red triangles, respectively. The parameter δ represents the degree of distortions of RuO6.
b, Comparison of the ground states in bulk and nanoscale Ca2RuO4 crystals. The results of our
first-principal calculation for mono-, bi-, tri-layer and bulk Ca2RuO4 are shown in Table. The
Ca2RuO4 nanofilm has weak (no) distortions of RuO6 compared with stacked bulk crystals. c,
Temperature dependence of sheet resistance R✷/layer for 10, 100, and 3000 nA in sample 1. Below
T ∗ = 215 K, the resistance depends on the applied current.
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